Introduction
Forests store approximately 45 % of terrestrial carbon, constitute around 50 % of terrestrial primary production and can sequester large amounts of carbon annually (Bonan 2008; Pan et al. 2011 ) and thus mitigate the rise of atmospheric CO 2 and global warming. Carbon sequestration is particularly high in young, secondary forests, which dominate many areas in the temperate zone (Bonan 2008; Pan et al. 2011) . In secondary forests, developing trees accumulate mass, particularly in the stem. However, while growing taller and bigger, trees in secondary forests may compete strongly for available resources such as light, water and nutrients. Under conditions of limited resource availability, weaker trees may become suppressed and ultimately die. In other words, such forests will gradually be dominated by fewer larger trees.
The concept of self-thinning lines (STLs) predicts a power relationship between tree density and average tree size as closed stands develop. In comparison with forest yield and models, which reports tree size changes (volume or basal area) over time, STLs do not consider time explicitly. In STLs, tree size has been described by using different variables, including mass (Yoda et al. 1963) , mean stem diameter (Reineke 1933) , or tree height (Anfodillo et al. 2013) . In logarithmic scales, STLs are represented by a straight line. Since its first mention by Reineke (1933) , it has been acknowledged that the slope of this line may vary between species. However, a possible constant value of this slope has been widely discussed ever since (Weller 1987; Lonsdale 1990; Enquist et al. 1998) . Early studies used geometric models and predicted slope values of −3/2 when tree mass is used as the size measure (Yoda et al. 1963 ). The slope value was even considered a universal constant and referred to as the 'selfthinning rule' (Westoby 1984) . Later studies (West et al. 1997; Enquist et al. 1998 ) used metabolic scaling theory and predicted slope values of −4/3. Field studies suggested that the slope may not be a universal constant and may vary between species (Pretzsch 2006) , environmental conditions (Deng et al. 2006) , or due to biotic interactions (Zhang et al. 2011) .
Forest stands that differ in growing conditions are expected to differ in the intercept of the STL (Palahi et al. 2003; Deng et al. 2006) . In terms of mass-based scaling, this implies that some species can accumulate more carbon per forest area than others, and forests may accumulate larger amounts of carbon when resources are less limiting (e.g. Vayreda et al. 2012a) . It is well known, for example, that at a given stand density forest trees in relatively rainy climates become larger than in relatively dry conditions (Ryan and Yoder 1997) . From this, the development of forest stands of different species or of the same species but in different climates could be expected to differ in the intercept of the STL, but not necessarily in the slope. This would make self-thinning line estimations a useful tool to predict the potential of forest stands to accumulate carbon and to compare their role in carbon sequestration. If STLs are sensitive to species and climate conditions, they could be used as a tool to assess climate change adaptation and mitigation strategies. The STL concept could be used as a predictive framework to characterize the potential of current forest stands under specific climate conditions for accumulating carbon in future climate scenarios and could be used to develop strategies to maximize carbon stocks to mitigate climate change effects (Luyssaert et al. 2011) .
In this study, STLs of four coniferous tree species were investigated over a wide climate and altitudinal gradient in the north-east of the Iberian Peninsula. First, STLs were fitted to see whether they follow the predicted slope of −1/2 or −4/9 for mean stem diameter, which is consistent with a slope of −3/2 and −4/3 for mass (see Sect. 2.1). Climate was also expected to impact self-thinning patterns (slope and intercept) across and within species in different ways, since the four species studied are adapted to different climatic conditions and grow under different environmental conditions. Particularly, populations at the lowest altitudes, where the warmest and driest conditions occur, were expected to suffer from water stress and consequently to have lower intercepts than other populations. At the higher altitudinal end, the pattern may be reversed, as forest stands would benefit from relatively low temperatures and greater water availability.
Materials and methods

Self-thinning line
The self-thinning relationship is usually described by the following equation:
where S is the average size measure (e.g. in biomass (kg), height (m) or stem diameter (cm)), N is the stand density (trees ha −1 ), k has the same dimension and unit as S and a is a non-dimensional slope parameter. In logarithmic form, this equation becomes,
The slope of this equation (parameter a in Eqs. 1 and 2) can be predicted from biophysical scaling relationships (e.g. Solbrig et al. 1980; Enquist et al. 1998) . For mean tree biomass, slopes of −3/2 and −4/3 have been predicted. Under the same assumptions as used by Begon et al. (1996) , when using stem diameter on the y-axis, these slopes translate into slopes of −1/2 and −4/9, respectively. Empirical tests of these slopes are not yet conclusive, but available data shows that most slopes measured empirically are around these two theoretical values (Weller 1987) .
Study area and selected species
The selected area for this study is Catalonia, in the north-east of Spain (Fig. 1b) . This area covers a wide range in altitude (from sea level to >3000 m above sea level), annual mean temperature (0.0-17.3°C) and annual precipitation (335-1594 mm) in a relatively small area (32,000 km 2 ) (Ninyerola et al. 2000) . In the present study, the four most abundant pine species were selected because each species was represented by more than 350 plots in the Ecological and Forestry Inventory of Catalonia (IEFC; see next section) and provided a sufficient statistical basis to test for differences in scaling relationships (Fig. 1a) . The altitudinal variation of Catalonia, especially due to the Pyrenees, creates a wide climate gradient in a relatively small area, with colder and wetter conditions towards higher altitudes. The four studied pine species are abundant in the study area, but they occupy very different areas in Catalonia (Barbero et al. 1998 ): Pinus halepensis is only present in Mediterranean coastal zones (<600 m above sea level), Pinus nigra also occurs in mid elevations (600-1000 m) in mountainous Mediterranean areas, Pinus sylvestris occupies higher elevations (800-1500 m) on Mediterranean mountain tops and also in the Pyrenees, and Pinus uncinata is restricted to high elevations (>1400 m) in the Pyrenees.
Data selection
STLs were estimated for each of the selected species by using the online available IEFC (http://natura.uab.es/mirabosc/), conducted by Centre for Ecological Research and Forestry Applications (CREAF) between 1988 and 1998. This inventory consists of 10,644 plots selected randomly from all the forested area in Catalonia, at a density of ∼1 plot km . Plots were circular with a 10-m radius, and sampled forests had different age structures. For this study, monospecific plots (where a single species represented at least 80 % of the total basal area) of the four pines were selected, including 1677 plots for P. halepensis, 902 plots for P. nigra, 1550 plots for P. sylvestris and 399 plots for P. uncinata (Table 1 , Fig. 1 ). All trees with DBH > 5 cm were sampled in each plot (see IEFC website for additional details on the inventory). For each plot, the present study used tree density (trees ha
) and quadratic mean diameter at breast height (QMD) (cm) to estimate the STL. For the purpose of tree density and QMD calculations, non-target species within a selected plot were included and treated as target species. Annual precipitation (mm) (rain and snow melt) and mean annual temperature (°C) data for each plot was extracted from the Digital Climatic Atlas of Catalonia (Ninyerola et al. 2000) which used data from meteorological stations.
Subsets of plots were selected to estimate the STLs. The first criterion was omitting plots with very low stem density, where self-thinning was unlikely to occur due to low competition between individuals. The minimum stand density at which self-thinning was expected to occur was estimated individually for each species by using the segmented function in the segmented R package (version 0.5-1.4), using 10-base logarithms. The initial breakpoint guess needed in this function was 2.5 for all species.
Secondly, the range of densities present for each species was divided into intervals of 50 trees ha −1 (Fig. 2 ). Within each of these intervals, we assumed that only the plots with the highest QMD were subject to self-thinning; the others still Kempeneers et al. (2011)) had space to growth. The selection criterion used was the 95th percentile of plots with the highest QMD within each of the density intervals. This criterion is arbitrary, but it provided a sufficient sample of plots of each species to allow statistical estimation of the STL and also allowed comparison of STLs between species. STLs were thus estimated by using 73 plots for P. halepensis, 87 plots for P. nigra, 109 plots for P. sylvestris and 50 plots for P. uncinata.
Statistical analysis
After log-transforming the QMD and density for each plot, the STL and its standard error were calculated for each species with a linear model by using the lm function in R software (R Core Team). Results were retransformed. The regression was estimated by using the ordinary least squares. The STLs were also calculated by using the major axis method to be able to 
DC diameter class (cm), n number of plots, N tree density (trees ha −1 ), P precipitation (mm), T temperature (°C), Min minimum value, Max maximum value, Avg average value, SD standard deviation transform the slope results (calculating the inverse) for their comparison with other studies that used tree density as dependent variable.
The intercepts and slopes estimated by the STL analysis were compared among the pine species with confidence intervals (CI) of 95 % assuming a normal distribution. Since intercept and slope estimates were largely dependent, the STL intercepts at the centred density were used and showed for comparison purposes (Fig. 3) . Using intercepts at centred density instead of values of log(k), the impact of slope variations was minimized when the intercepts across species or across plots were compared (see below). Therefore, the centred tree density as the arithmetic mean of the four mean densities per species (N m,i ) was calculated. For each species (i), the mean density was calculated by using logarithmic values with the following formula:
N m,i = (N max,i + N min,i ) / 2. where N max,i and N min,i are, respectively, maximum and minimum logarithmic tree density for species i.
STLs were recalculated to show possible impacts of mean annual temperature and mean annual precipitation on the STL of different species. For each species, the averages of mean temperature and mean precipitation of all plots were used to differentiate subsets of plots growing under higher or lower conditions of temperature and precipitation. The new species' STLs were calculated by using these subsets of plots. The new coefficients of the STLs were estimated and tested by using the lm function in R as previously done.
Additional calculations were performed to analyse the results. The De Martonne aridity index (De Martonne 1926) was used to estimate the conditions of aridity in which each species grows. The aridity index was calculated for each plot and then averaged for each species. We also studied the effect of stand structure over STLs. Plots were classified as even aged or uneven aged, with even-aged plots defined as those with trees differing 5 years maximally and uneven aged with trees differing more than 5 years. Age data was only available for a fraction of the plots used. We used the maximum difference of Fig. 2 Self-thinning lines for the four pine species studied, estimated from the QMD and stand density relationships of monospecific stands. Selfthinning lines were calculated for each species based on the plots (the coloured ones) with the highest QMD values (95 % quantile) for successive density bins (100 trees ha
−1
). Data were log-transformed, and for selfthinning calculations, only plots with log(density) > 2.5 (equivalent to 316 trees ha −1 ) were used Fig. 3 Relationship between slope and intercept at midpoint density for each of the four species. Error bars represent 95 % confidence intervals Self-thinning in four pine speciesQMD calculated from even-aged plots with age data as a threshold to classify all plots as even or uneven aged.
Results
Across species comparison of self-thinning line
The minimum tree density threshold where self-thinning take place was 732 trees ha −1 for P. halepensis, 600 trees ha −1 for P. nigra, 579 trees ha −1 for P. sylvestris and 581 trees ha −1 for P. uncinata. The STL slopes of P. sylvestris was significantly steeper than the range of expected values (between −1/2 and −4/9), whereas P. uncinata, P. nigra and P. halepensis did not show significant differences (Fig. 3) . Slopes did not show significant differences among species. Intercepts showed significant differences between all species, except between P. sylvestris and P. uncinata (Table 2, Fig. 3) .
The intercept increased for species growing on higher altitudes described by higher precipitation and colder conditions. The same species order was found by using the aridity index (Table 3) .
Effects of climate on the self-thinning line
STLs estimated from plots growing in areas with higher average temperatures did not significantly differ from STLs estimated from plots growing in areas with lower average temperatures, except for P. sylvestris (Table 4 , Fig. 4 ). The STL of P. sylvestris growing in colder conditions had a significantly higher intercept and steeper slope. Although not significantly different, the STLs of P. nigra and P. uncinata seemed to have higher intercepts and steeper slopes when estimated under colder conditions.
Results showed significant differences among STLs estimated from plots with higher annual precipitations compared to STLs estimated from plots with lower annual precipitations for P. halepensis and P. uncinata (Table 4 , Fig. 4) . P. halepensis' STL showed a higher intercept when growing in wetter conditions. Instead, P. uncinata's STL had a higher intercept when growing in dryer conditions. P. nigra seemed to have higher intercepts and steeper slopes when it grows under wetter conditions, but the differences were not significant.
Effects of structure on the self-thinning lines
The maximum QMD difference calculated for even-aged plots was 28.6 cm. Using this difference, we estimated that 80 % of pine stands in Catalonia are even aged. The comparison between STLs' slopes of even-aged and uneven-aged plots did not show significant differences for any species (Fig. 4) . Only intercepts of P. sylvestris and P. uncinata estimated for uneven-aged plots were significantly higher than the intercepts estimated from even-aged plots. STLs estimated by using all plots were not significantly different than STLs estimated by using even-aged plots with also the exception of a higher intercept of STLs estimated by using all plots of P. sylvestris and P. uncinata.
Discussion
The four studied pine species occupied different altitudes and climate zones in Catalonia, expressing their differences in habitat requirements (Castro 1998) . In this study, we explored the effects of annual mean temperature and precipitation on growth and stand development and on self-thinning lines in particular. While valuable, this approach cannot trace more subtle climate impacts, such as, for example, late summer rainfall or other aspects of the regional climate, which are Table 2 Slopes and intercepts at midpoint density (see Fig. 4 For each species, t values of slopes are showed for their comparison to hypothetical values of −1/2 and −4/9. Also, retransformed intercepts at midpoint density (Int) and at 1 tree ha −1 (Int 1) are showed. The Slope (MA) column shows the slopes calculated by using the major axis method and the tree density as dependent variable Min minimum value, Max maximum value, Avg average value, SD standard deviation sometimes considered important determinants of stand growth and development (Andreu et al. 2007 ). While the self-thinning law was originally described for even-aged plant populations, we quantified self-thinning lines by using both even-aged and uneven-aged stands. We analysed how the selection of evenaged plots would have affected STLs. We found that only the intercept of P. sylvestris and P. uncinata showed significant differences. However, slopes tend to be flatter, and the significant differences found in P. sylvestris' STL slope compared with the hypothesis of −1/2 would disappear. From this, we conclude that uneven-aged stands may achieve higher intercepts for their STL than even-aged stands, implying that they can accumulate more biomass, which can be important for managing forest for biomass or carbon accumulation. The theoretical predictions of STL slopes of −1/2 and −4/9, i.e. predictions that are based on allometric scaling (e.g. Enquist et al. 1998) , and assumptions for leaf distributions within trees (Zeide and Pfeifer 1991; Sterck and Schieving 2007; Duursma et al. 2010 ) were tested. Species had slopes that were similar to −1/2, but they all differed from −4/9. Only P. sylvestris had a slope significantly steeper than −1/2. The slope obtained for P. sylvestris by using the major axis method and tree density as dependent variable (−1.647) is flatter than values reported from other studies conducted with this species in the same (−1.815 (Palahi et al. 2003) ) or nearby regions of Spain (−1.830 (del Rio et al. 2001) ). This slope is also flatter than most of the studies conducted in regions with more favourable climates (e.g. −1.87 in the Italian Alps (Vacchiano et al. 2008) , between −1.750 and −1.762 in Austria (Vospernik and Sterba 2015) , with the exception of Germany (between −1.445 and −1.695 according to Pretzsch and Biber (2005) ). This shows that slopes might be site or context dependent, and given the strong dependency of slopes on intercepts of STL, the ecological value of comparing slopes is rather uncertain. For species comparisons, we therefore considered mid-density estimates of the QMD, thus reducing possible implications of intercept-slope interdependencies. As mentioned before, the use of uneven-aged plots could explain it, but additional research is required to clarify the steeper selfthinning slope observed for P. sylvestris. There may be other Fig. 4 Comparison of self-thinning lines for four pine species in Catalonia growing in different climate conditions and with different stand structures. The slope and the intercept at centred density of each species is represented besides the slope and the intercept at centred density estimated for each species growing in climate extremes (from top to bottom species mean temperature, precipitation, and structure). Thin lines represent species STL reasons for a lack of more intra-specific differences, i.e. the limited number of plots per species, the limited environmental range occupied by each species or possible confounding factors such as differences in management history across plots (Luyssaert et al. 2011) or in nutrient availability (Morris 2003; Fernandez-Martinez et al. 2014) .
The intercepts estimated here presented significant differences between most of the species (Fig. 3, Table 2 ). Those differences in intercepts between species might partially result from the different climate envelops occupied by those species (Table 3 ). In line with these results, other studies suggest that the intercept of the self-thinning lines is dependent on the site index (Palahi et al. 2003) . The variability of slopes seems less affected by climatic conditions than the variability of intercepts (Fig. 4, Table 4 ). Variability in STLs may also occur due to methodological effects: low sample size (number of plots, as seen from the high variance in results by Pretzsch and Biber (2005) ). Studies by using different methodologies, such as selection of different quantiles, may not be comparable. We believe that our results slightly underestimated the intercept (see Fig. 2 ) because we used the 5 % of plots with the highest QMD in each tree density interval. The estimated intercept would be higher if we had selected a lower percentage of plots. But in this case, the sample size used to estimate the STL would be lower. A similar trade-off was identified by Vospernik and Sterba (2015) by using quantile regression. Thus, the percentage of selected plots must be high enough to estimate the slope with a reasonably low confidence interval but low enough to estimate the 'correct' intercept. Obviously, this problem is less severe when the proportion of plots in self-thinning phase is high because the standard variation will be smaller or when the total number of plots is high because then we can use a higher quantile and obtain the same standard deviation.
Water stress is known to be a major growth-limiting factor in lowland Mediterranean areas (Roda et al. 1999) . Therefore, the species at the lowest altitudes where the warmest and driest conditions occur were expected to suffer from water stress and consequently to have smaller intercepts than other species. At the higher altitudinal end, the pattern may be reversed when forest stands are not limited by water scarcity (Martínez-Vilalta et al. 2008) . Our results are largely in line with these expectations (Fig. 4) . At the lowest altitude, P. halepensis had the lowest STL intercept and its magnitude appeared to be limited by low precipitation. For the species that occurred at higher altitudes that are less drought stressed, the intercepts increased and their magnitude seem to be limited by high temperatures (e.g. P. sylvestris). For P. uncinata, which occurred at the highest altitudes, the intercept was not significantly different from P. sylvestris, but the high precipitations appeared to be the limiting factor for the intercept. P. sylvestris is close to the southern (and dry) limit of its distribution in Catalonia. Previous studies have detected drought-induced decline in several populations of this species in the study area (e.g. VilaCabrera et al. 2013 ). However, we found size limitations due to warm conditions but not due to precipitation in this species.
STLs have already been used to estimate the effects of land use on carbon cycle (Luyssaert et al. 2011) . Our study shows how STLs may be used to predict carbon stocks in living biomass depending on species and climate conditions. For example, we can predict that increases in temperature may reduce the potential carbon stock in P. sylvestris forests. Retransformed intercepts at midpoint density (Int) and at 1 tree ha −1 (Int 1) are showed. Total number of plots (n t ); number of plots in self-thinning phase (N st ) Instead, P. halepensis seems to be more adapted to high temperatures and therefore less affected by increases in temperature, but it is more sensitive to water scarcity. Our results suggest that a lower precipitation could reduce potential carbon stocks in lowland pines but could be beneficial for P. uncinata growing in high altitudes. In line with this result, Vayreda et al. (2012b) identified reductions on carbon accumulations in Spanish forests due to recent warming and due to lower water availability. Using the STLs, we can identify which species are likely to grow to larger sizes under new conditions and promote these species as a climate change adaptation strategy. The utilization of such species will likely enhance the carbon storage in forests and contribute to climate change mitigation. With the study presented here, we cannot estimate carbon stocks increment under specific climate change scenarios because we do not know the exact shape of the relationship between STL slopes and intercepts and climate. Future work should be directed at relating changes in STLs to changes in carbon content under future climate scenarios.
